We analyzed hemodynamic variables in patients with transposition of the great arteries with intact ventricular septum (simple transposition) after pulmonary artery banding and BlalockTaussig anastomosis to establish the criteria for two-staged arterial switch operation. The study included 35 patients who underwent the switch operation after banding and anastomosis; two died shortly after surgery, and one died of tachycardia 31 days after the operation. The left-to-right ventricular pressure ratio was above 0.83 in all surviving patients, 0.68 and 0.63 in the two operative deaths, and 0.84 in the other death. In the 32 surviving patients, angiographically determined left ventricular (LV) end-diastolic volume and ejection fraction averaged 147 ± 46(SD)% of normal and 0.64 ± 0.12, respectively. We also measured LV mass using angiographic LV semiaxes and end-diastolic LV posterior wall thickness obtained from an echocardiogram. These variables of the patients who died were not different from those of the surviving patients. The wall thickness was greater than 4 mm in the surviving patients, while it was 3.5 mm in the two patients who died early and 5 mm in the patient who died later. From the semiaxes, the wall thickness, and aortic diastolic pressure, all of which were obtained before the anatomic repair, we calculated the predictive LV wall stress. This wall stress would indicate the LV wall stress at the time of aortic valve opening immediately after the arterial switch operation. Predictive wall stress was less than 120 x 103 dynes/cm2 in all but one of the surviving patients, whereas it was 151, 153, and 186 x 103 dynes/cm2 in the three patients who died. From these data, we propose the following criteria for the safe two-staged arterial switch operation: left-to-right ventricular pressure ratio greater than 0.85; LV end-diastolic volume greater than 90% of normal; LV ejection fraction greater than 0.5, or it may be greater than 0.4; posterior wall thickness greater than 4 mm or very safely greater than 4.5 mm; and the predictive wall stress less than 120 x 103 dynes/cm2. (Circulation 1988;78:124-131) ith regard to postoperative physiology, it W is now increasingly accepted that the arterial switch operation is better than the atrial switch procedures in the surgical management of transposition of the great arteries (TGA). The basic concept is that the left ventricle (LV) supports the systemic circulation after the arterial switch operation; thus, systemic ventricular function should be normal in those patients, whereas the right (systemic) ventricular (RV) function is known From the Departments of Pediatric Cardiology and Pediatric Cardiovascular Surgery, The Heart Institute of Japan, Tokyo Women's Medical College, Tokyo, Japan.
We analyzed hemodynamic variables in patients with transposition of the great arteries with intact ventricular septum (simple transposition) after pulmonary artery banding and BlalockTaussig anastomosis to establish the criteria for two-staged arterial switch operation. The study included 35 patients who underwent the switch operation after banding and anastomosis; two died shortly after surgery, and one died of tachycardia 31 days after the operation. The left-to-right ventricular pressure ratio was above 0.83 in all surviving patients, 0.68 and 0.63 in the two operative deaths, and 0.84 in the other death. In the 32 surviving patients, angiographically determined left ventricular (LV) end-diastolic volume and ejection fraction averaged 147 ± 46(SD)% of normal and 0.64 ± 0.12, respectively. We also measured LV mass using angiographic LV semiaxes and end-diastolic LV posterior wall thickness obtained from an echocardiogram. These variables of the patients who died were not different from those of the surviving patients. The wall thickness was greater than 4 mm in the surviving patients, while it was 3.5 mm in the two patients who died early and 5 mm in the patient who died later. From the semiaxes, the wall thickness, and aortic diastolic pressure, all of which were obtained before the anatomic repair, we calculated the predictive LV wall stress. This wall stress would indicate the LV wall stress at the time of aortic valve opening immediately after the arterial switch operation. Predictive wall stress was less than 120 x 103 dynes/cm2 in all but one of the surviving patients, whereas it was 151, 153, and 186 x 103 dynes/cm2 in the three patients who died. From these data, we propose the following criteria for the safe two-staged arterial switch operation: left-to-right ventricular pressure ratio greater than 0.85; LV end-diastolic volume greater than 90% of normal; LV ejection fraction greater than 0.5, or it may be greater than 0.4; posterior wall thickness greater than 4 mm or very safely greater than 4.5 mm; and the predictive wall stress less than 120 x 103 dynes/cm2. (Circulation 1988; 78:124-131) ith regard to postoperative physiology, it W is now increasingly accepted that the arterial switch operation is better than the atrial switch procedures in the surgical management of transposition of the great arteries (TGA). The basic concept is that the left ventricle (LV) supports the systemic circulation after the arterial switch operation; thus, systemic ventricular function should be normal in those patients, whereas the right (systemic) ventricular (RV) function is known to be compromised after the atrial switch operation. [1] [2] [3] [4] In fact, it has been reported that LV function is normal or near normal in patients after the arterial switch operation. [4] [5] [6] [7] The arterial switch operation was initially applied to TGA with a ventricular septal defect because the atrial switch operation resulted in a high mortality in this type of TGA and because the LV is unquestionably suitable for supporting the systemic circulation immediately after the repair. Recently, several reports have indicated that the anatomic repair is feasible in TGA with intact ventricular septum (simple TGA) with an acceptably low mortality during the neonatal period when LV pressure is still high. [8] [9] [10] It is obvious that the arterial switch operation cannot be applied in patients whose LV pressure is low after pulmonary artery pressure decreases beyond the neonatal period. In such patients, Yacoub et all performed pulmonary artery banding for the purpose of elevating LV pressure to the systemic level and for the arterial switch operation later. Even when the switch operation is feasible in the neonatal period, this two-staged procedure is still an important choice of surgical management of simple TGA in patients who are to be treated beyond the neonatal period. In this approach, it is mandatory that the LV is prepared suitably to support the high-pressure systemic circulation at the time of the anatomic repair. The details of well-prepared LV, however, have not been well defined.12,13 Therefore, the purpose of the present study was to investigate the relation between preoperative hemodynamic data and surgical outcome and to establish criteria oftwo-staged arterial switch operation for simple TGA after the palliation.
Patients and Methods Surgical Protocol
Our current protocol for surgically managing simple TGA beyond the neonatal period is that pulmonary artery banding is performed at 2-3 months of life (or as soon as possible after patients have been referred to us later than that age) with BlalockTaussig anastomosis, which is followed by the Lecompte modification of the Jatene procedure'4 1-4 months later or when LV pressure reaches a satisfactory level (see the later discussion). We have found that the palliation is most effectively and easily performed within this age range, probably because the cardiovascular system has completed the perinatal transition from the fetal to adult circulation. At the time of palliation, the shunt operation is now instituted first, which is followed by artery banding. When first developing this protocol, the pulmonary artery was banded first, but because the patients developed very severe hypoxemia and metabolic acidosis that resulted in profound circulatory insufficiency, we were forced to loosen the banding. After this experience, we have adopted the current protocol.
Our previous echocardiographic study '5 Patients' age at palliation was 1-14 months, averaging 6.7 ± 2.9(SD) months, and was 5-37 months (mean, 15±6.8 months) at the time of anatomic repair. The interval between the two operations was 1-36 (8 ± 6.8) months. Patients' body weight was 6.3 ± 1.4 kg at palliation and 7.7 ± 1.6 kg at intracardiac repair. The hemodynamic data were taken at 3-9 days before the palliation and 4 days to 3 months before the arterial switch operation.
Four of the 36 patients died after the arterial switch operation. Two patients (33 and 34) died 16 days and 1 day after repair, respectively. They had very high left atrial pressure and signs of severe low cardiac output but had no electrocardiographic or enzymatic evidence of myocardial ischemia. The echocardiogram, taken immediately after operation, showed marked dilatation of the LV and a generalized, but not localized, decrease of wall motion with fractional shortening less than 0.1 in both patients. The third patient (35) died of tachycardia 31 days after repair. Initially, the arrhythmia was supraventricular in origin, but after a few hours, the QRS complex became wide, and it could not be controlled by antiarrhythmic procedures including direct-current countershock. The final patient had an unusual pattern of the coronary arteries ( Figure 1 ), for which we believe the anatomic repair was not indicated. This last patient was eliminated from the study because functional variables, bearing in mind that the purpose of this study was to clarify functional aspects. Thus, 35 patients were included in the present study (Table 1) .
Methods
Intracardiac and vascular pressures were obtained with a fluid-filled catheter system. Because the LV: RV pressure ratio is critically important, LV pressure measurement was always followed immediately by RV pressure measurement, and this procedure was repeated two or three times in each patient. The lowest ratio was taken. LV volume was calculated by the area-length method as described by Graham et al,17 and LV end-diastolic volume (EDV) was expressed as a percentage of the normal expected value. 18 We also measured semiaxes of the LV at end diastole. We found that it was very difficult or even impossible to obtain LV wall thickness on the angiogram because the leftside border of the cardiac silhouette is often confined by the RV but not by the LV. We used echocardiography, therefore, to measure These variables were not different between surviving and nonsurviving patients. LVEDV was expressed as a percentage of normal. Numbers are patients' numbers corresponding to Table 1. and LV ejection fraction ranged from 0.33 to 0.83, averaging 0.64 ± 0.12. The variables of the nonsurviving patients were not different from patients who survived (Figure 3 ). LV ejection fraction was weakly correlated with LV pressure (Figure 4 ; r= -0.56, p<0.001) and the LV: RV pressure ratio (r= -0.43, p<0.02). LV mass and the LV mass: LVEDV ratio also did not distinguish surviving from nonsurviving patients ( Figure 5 ). The predictive LV wall stress was below 120 x 103 dynes/cm2 in all but one surviving patient and was 131 x 103 dynes/cm2 in the last surviving patient, while it was 151, 153, and 186 x 103 dynes/cm2 in the patients who died, respectively ( Figure 6 ).
Discussion
It has been indicated that the RV is not suitable as a systemic pumping chamber for the duration of the human life span. This view has been substantiated by the observations of Masden Then, what should be the choice when the infant with simple TGA is referred after the neonatal period: should the atrial switch simply be performed, or should the arterial switch be performed? Although the conclusion should be postponed until real long-term outcomes are clarified for both procedures, it can be said that the arterial switch operation is a more physiologically sound procedure than is the atrial switch operation. Thus, one would like to choose the arterial switch operation, but it is obvious that the primary switch cannot be performed in patients with low LV pressure and with regressed ventricular muscle mass. In these patients, Yacoub et al'2 banded the pulmonary artery to increase LV pressure, which prepared the LV for supporting the systemic circulation.11 They propose that the arterial switch operation can be performed within a few months after banding when LV pressure is within 10 mm Hg of the systemic pressure. When LV pressure is lower than this, they recommend performing the arterial switch operation after waiting for several months,5-7 during which time LV mass increases. 12 We had initially adopted their criteria. But we later believed that these criteria were not satisfactory because our two patients who died of low cardiac output after surgery were operated upon according to these criteria. Thus, we had to establish more reliable criteria for the two-staged arterial switch operation.
If LV pressure is increased consistently to the systemic level after pulmonary artery banding, there will be no difficulty in selecting the candidate for the arterial switch operation. We found that there were patients in whom very tight banding, even a complete obliteration, of the main pulmonary artery did not bring about sufficient elevation of LV pressure on the operating table. In some of these patients, the pressure increased to the suprasystemic level several days to months after the palliation. Although the basic cause of this has not yet been clarified, the pressure would be determined not only by the degree of banding but also by the interaction of several factors such as the amount of flow through the Blalock-Taussig shunt, the size of interatrial communication, which could be one of the major determinants of volume preload to the LV,13 the LV wall muscle mass, which generates the power, and myocardial contractility, which is affected by anesthetics and arterial oxygen content. Therefore, we found the LV pressure to be at various levels even though we banded the main pulmonary artery to increase LV pressure to 80% or more of the systemic pressure in each patient.
The present study demonstrates that low LV pressure was obviously a factor of mortality as indicated by the fact that two patients who had the lowest LV pressure died of poor LV pump function soon after surgery. The patient who died 31 days after correction had an LV pressure of 84% of the systemic pressure, but the other three patients (15, 16 , and 30 in Table 1) survived at the same level of LV pressure (84%, 83%, and 85%, respectively). This indicates that the RV: LV pressure ratio between 0.8 and 0.9 is the lower limit for the survival of the arterial switch operation in the infant, but not in the newborn, after the palliation. It is, then, necessary to determine the risk factor or factors within this narrow range of pressure ratios. End-diastolic LV posterior wall thickness was another simple discriminator of mortality. It was greater than 4 mm or within the normal range for the body size of each patient. The body surface area of our patients fell within a rather narrow range (<0.5 m2) so that we may simply conclude that posterior wall thickness should be greater than 4 mm for the second-stage arterial switch operation in infants with this range in body size. The ventricular wall thickness and ventricular volume, however, influence each other; thus, one cannot discuss the former alone without accounting for the latter. In this aspect, the wall thickness alone cannot be a single reliable factor.
To solve these problems, we have considered calculating the predictive LV wall stress, which includes information on volume and wall thickness. The posterior wall thickness alone, however, will be a useful variable in screening patients.
The one major hemodynamic change resulting from the arterial switch operation is the change of afterload to both ventricles, and the change in LV afterload is vitally important for the survival of the patient. Systolic wall stress is one of the variables indicating the afterload and is a good indicator of pump performance of the LV with a given level of contractility. In the present study, we tried to calculate, with only preoperative data, the LV wall stress at the time when the great arteries were switched, that is, when the LV started to eject blood into the systemic circulation. Thus, the obtained value was not the actual one but only a predictive value. In the context of cardiac performance, the end-systolic wall stress or peak stress is usually used.6,32 ' From the present data, we propose that criteria for the safe two-staged arterial switch operation include: an LV: RV pressure ratio greater than 0.85; LVEDV greater than 90% of normal; LV ejection fraction greater than 0.5, or it may be greater than 0.4; end-diastolic LV posterior wall thickness greater than 4 mm or very safely greater than 4.5 mm (which are well above the lower limit of the normal range of most patients for this surgical protocol); and the predictive LV wall stress obtained as previously described less than 120 x 103 dynes/cm2. These values may be very conservative since our major emphasis is the universal safety of this type of surgery. We have avoided setting any lower limit with which the operation can be successfully performed only by special teams or with which only an occasional survival or only a low survival rate can be achieved by a majority of institutions.
